This study was conducted to investigate host and nonhost disease resistances of kimchi cabbage plants to bacterial infection. Kimchi cabbage leaves responded differently to infections with a virulent strain of Xanthomonas campestris pv. campestris (Xcc) 8004 and two strains (85-10 and Bv5-4a.1) of non-host bacteria X. campestris pv. vesicatoria (Xcv). Non-host bacteria triggered a rapid tissue collapse of the leaves showing as brown coloration at the infected sites, highly increased ion leakage, lipid peroxidation and accumulation of UVstimulated autofluorescence materials at the inoculated sites. During the observed interactions, bacterial proliferations within the leaf tissues were significantly different. Bacterial number of Xcc 8004 progressively increased within the inoculated leaf tissues over time, while growths of two non-host bacteria Xcv strains were distinctly limited. Expressions of pathogenesis-related genes, such as GST1, PR1, BGL2, VSP2, PR4 and LOX2, were differentially induced by host and non-host bacterial infections of X. campestris pathovars. These results indicated that rapid host cellular responses to the nonhost bacterial infections may contribute to an array of defense reactions to the non-host bacterial invasion.
Plants protect themselves actively against non-host pathogens via an array of defense reactions, which are sometimes similar to those against host pathogen infections. So far, non-host disease resistance have been classified into two types in diverse plant species (Mysore and Ryu, 2004; Oh et al., 2006) . Type I and type II non-host disease resistance is differentiated by appearance of visible cell death in response to infections by non-host fungal and bacterial pathogens. Hypersensitive cell death was not found in type I non-host resistance, while rapid cell death usually observed in incompatible interactions between hosts and avirulent strains appear in type II non-host resistance. During cell death-mediated non-host disease resistance, host plants launched sophisticated defense mechanisms i.e. oxidative burst, kinase cascades and accumulation of antimicrobial proteins usually found during incompatible interactions of host plant-pathogen (Dixon et al., 1994) .
Non-host disease resistance of kimchi cabbage plants were previously reported against infection by Pseudomonas syringae pv. tomato (Pst) (Park et al., 2005) . Hypersensitive cell death and accumulation of H 2 O 2 appeared in the leaf tissue of kimchi cabbage within 24 h after non-host bacterial invasion. Expressions of pathogenesis-related genes encoding thaumatin-like protein (TLP) and pathogenesisrelated (PR) protein 4 increased distinctly by non-host Pst infection. However, non-host defenses triggered by different pathovars of the same species of phytopathogenic bacteria have not been described in kimchi cabbage plants.
In this study, we used three different pathovars of Xanthomonas campestris mediating basal resistance and non-host disease resistance in kimchi cabbage plants. X. campestris pv. campestris (Xcc) infects various cruciferous plants including Arabidopsis (Simpson and Johnson, 1990) , cabbage (Bretschneider et al., 1989) and rapeseed (Lema et al., 2011) , causing chlorosis and black rot symptoms. However, X. campestris pv. vesicatoria (Xcv) invades pepper and/or tomato plants to cause bacterial spots in the infected leaves but does not infect cruciferous plants (Stall et al., 2009) . We inoculated the leaves using a scissor-clipping method with bacterial suspensions (10 8 cfu/ml) supplemented with 0.05% of Tween 20 as a surfactant to mimic natural vascular invasion of Xcc (Dow et al., 2003) . After leaf-clipping, kimchi cabbage seedlings were placed in moist chamber for 48 h and returned to a growth room for symptom development. Clear difference in disease development to the host and non-host X. campestris pathovars were observed in the kimchi cabbage leaves ( Fig. 1A ). At 7 days post-inoculation (dpi), the first visible symptoms appeared at the Xcc 8004 inoculated leaves, and progressive chlorotic symptoms with typical V-shape lesions developed around main vein of the leaves inoculated by Xcc 8004 at 10−14 dpi. In contrast, the two Xcv 85-10 and Xcv Bv5-4a.1 strains did not induce any visible disease symptoms or hypersensitive response (HR)-like lesion in the kimchi cabbage leaves. Symptom development in the primary and secondary leaves looked similar to each other (data not shown). These indicated kimchi cabbage is a non-host plant for these two Xcv strains without showing any significant symptomatic appearance mediated by natural infection through hydathodes and veins. Although differential disease responses distinctly occurred by host and non-host X. campestris infections, we could not conclude this was due to suppression of non-host Xcv proliferation within plant tissues by non-host disease resistance of kimchi cabbage leaves or only the inability of this organism to enter the vascular structures of the leaves, because Xcv naturally invades plant tissues through stomata and/or mechanical wounds (Ramos and Volin, 1987; Vakili, 1967) .
To investigate cell-to-cell responses of kimchi cabbage mesophyll leaf tissues upon inoculations with host and nonhost X. campestris pathovars, leaves of 2-week-old kimchi cabbage seedlings were syringe-infiltrated with high doses (10 8 cfu/ml) of bacterial suspensions of three different strains, Xcc 8004, Xcv 85-10 and Xcv Bv5-4a.1 (Fig. 1B) . No significant symptom development was found in the kimchi cabbage leaves infected by Xcc 8004 at 1 dpi, and then tissue collapse with mild chlorotic lesion appeared at 4 dpi. With non-host bacteria Xcv 85-10 infection, kimchi cabbage leaf tissues did not show drastic response at 1 dpi, but showed water-soaked tissue collapse with a browning coloration at 4 dpi. kimchi cabbage leaves responded hypersensitively against infection with the Xcv Bv5-4a.1 strain, demonstrating water-soaked lesion and tissue damage at the inoculated area at 1 dpi. The leaf tissues infected by Xcv Bv5-4a.1 were severely damaged and dried at 4 dpi. To clearly visualize plant tissue damages affected by the high doses bacterial infections, inoculated kimchi cabbage leaves were cleared with 95% ethanol (Fig. 1B) . Distinct brown necrotic coloration was visible in kimchi cabbage leaves with Xcv 85-10 and Bv5-4a.1 infections at 1 dpi, but not with Xcc 8004, indicating rapid tissue damages caused by non-host bacterial inoculation. Tissue discoloration by Xcv strains became more pronounced at 4 dpi, at which time brown color also developed in kimchi cabbage leaves infected by Xcc 8004, host pathogenic bacteria. Two inoculation methods of leaf-clipping and syringe-infiltration led to different temporal symptom development although the same concentration of bacterial suspension (10 8 cfu/ml) was used. Only a small number of bacteria may enter through hydathodes for vascular invasion.
Ion leakage is one of the hallmarks of pathogen-and abiotic elicitor-mediated cellular disorders linked to imbalanced membrane permeability (Mur et al., 2006; Zhang et al., 2004) . To investigate and quantify non-host bacteriamediated cell death in the infected region of Chinese cabbage leaf tissues, ion conductivities after pathogen infections were measured with different time course (Fig. 2) . After syringe-infiltration of mock and bacterial suspensions, leaf discs were prepared immediately and floated into distilled water. Ion conductivity of the water was measured with time. No significant ion leakage was found in the leaf Host and non-host bacteria-induced cellular damages in kimchi cabbage leaves for 4 days after inoculation by syringeinfiltration with 10 8 cfu/ml of avirulent strain 8004 of X. campestris pv. campesris (Xcc), and two non-host strains 85-10 and Bv5-4a.1 of X. c. pv. vesicatoria (Xcv). Cellular damages in kimchi cabbage leaves was assessed by increasing ion leakage after inoculation with mock, Xcc 8004, Xcv 85-10 and Xcv BV5-4a.1 (each 10 8 cfu/ml). The data points are the mean relative ion conductivity ± standard errors. Mean separation by Duncan's multiple range test at P = 0.05. tissues inoculated by any host or non-host bacterial strains of X. campestris within 6 h. Only Xcv Bv5-4a.1 increased ion leakage from the inoculated leaf tissues at 12 hours post-inoculation (hpi). Host bacterial strain Xcc 8004 triggered ion leakage at 24 hpi, but much more ion leakage occurred in leaf tissues infected by non-host bacterial strains Xcv 85-10 and Bv5-4a.1 at that time point. However, no difference was found in the conductivities by both non-host bacteria at 24 hpi. Host bacteria induced dramatic increases in ion conductivity at 48 hpi, however, ion leakage induced by Xcv strains were still higher than that for Xcc-infected leaf tissues. Ion leakages caused by two Xcv strains have not shown significant different after 24 h evaluated in this study. After 72−96 hpi, ion leakages by all of three strains were not distinguishably increased compared to mock-induced ion leakage. These findings from kimchi cabbage leaves inoculated with Xcc 8004, Xcv 85-10 and Xcv Bv5-4a.1 strains demonstrated that drastic tissue collapse by non-host bacteria correlated with rapidly increased ion leakages triggered by non-host bacteria. In particular, Xcv Bv5-4a.1 may release stronger or more effective elicitor(s) into kimchi cabbage leaf tissues for the establishment of HR.
We conducted histochemical staining approaches for investigation of cellular responses during host and non-host bacterial resistances in kimchi cabbages against X. campestris infections. Lipid peroxidation of pepper leaf tissues was highly increased during incompatible interaction between pepper leaves and X. campestris pv. vesicatoria (Hwang and Hwang, 2010) . Massive lipid peroxidation in cotton leaves was involved in the hypersensitive defense response triggered by an avirulent strain of X. campestris pv. malvacearum (Jalloul et al., 2002) . Lipid peroxidation is a process of lipid degradation mediated by reactive oxygen species. Increased lipid peroxidation in animals and plants can indicate membrane deterioration induced by cellular injuries. Lipid peroxidation can be detected by staining with Schiff's reagent (Yamamoto et al., 2001) . During the nonhost resistance to Xcv, lipid peroxidation appeared to occur at an earlier time after bacterial infections compared to that induced by Xcc ( Fig. 3A ), suggesting that lipid peroxidation can be biochemically indicative of programmed cell death (PCD) for plants. Membrane deterioration with lipid peroxidation can also produce endogenous fatty acid elicitors triggering host defenses (Savchenko et al., 2010) . Accumulation of autofluorescent materials stimulated by UV-irradiation have been frequently detected in plant cells undergoing cell death during various plant-pathogen interactions. Higher number of autofluorescent cells in infected host tissues were observed in the phloem and xylem cells of resistant cassava cultivar infected with X. campestris pv. manihotis (Kpémoua et al., 1996) and in cotton leaves inoculated with X. campestris pv. malvacearum (Essenberg et al., 1992) . An avirulent strain of X. campestris pv. campestris triggered development of autofluorescence in Arabidopsis leaf tissues (Lummerzheim et al., 1993) . Kimchi cabbage leaves infected with the two different nonhost Xcv strains also showed UV-stimulated autofluorescence with a bright whitish blue coloration at the infection sites, this occurred much faster than for basal disease resistance to virulent Xcc 8004 (Fig. 3B) . Autofluorescence in the Xcv Bv5-4a.1-inoculated leaves showed faster and stronger accumulation compared to other non-host bacteria Xcv 85-10-inoculated leaves. Autofluorescence in plant cells has been considered as the accumulation of phenolic compounds such as antimicrobial phytoalexins and extensive polymerization in the plant cell wall in order to inhibit bacterial invasion and growth. This indicates that activation of secondary metabolism of phenolic compounds may be involved in the non-host resistance of kimchi cabbage to Xcv. Recently, application of cellulase ClsA secreted from the bacterial rice blight causing pathogen X. oryzae pv. oryzae resulted in HR-like symptom and ligninlike autofluorescence in rice leaves (Jha et al., 2007) . Xcvoriginated elicitors for PCD and the accompanied auto- fluorescence in the kimchi cabbage leaves remains to be elucidated. Both cytological findings of the prominent increases in lipid peroxidation and accumulation of autofluorescence compounds at the local infected sites by nonhost X. campestris pathovars suggested that Chinese cabbage leaves response rapidly and actively to combat the incompatible microbial pathogens through fatty acid-and phenolics-mediated defense responses.
Bacterial proliferation within plant leaf tissues was evaluated to determine whether host-and non-host X. campestris pathovars grow differently (Fig. 4) . The abaxial leaf surfaces of fully expanded primary leaves of 2-weekold kimchi cabbage seedlings were syringe-infiltrated with 10 5 cfu/ml of bacterial suspension. Symptoms on the leaves developed differently caused by lower dose of bacterial inoculations of Xcc 8004, Xcv 85-10 and Xcv Bv5-4a.1 (Fig. 4A ). Xcc 8004 induced slight chlorosis at the inoculated site at 10 dpi and lesions became brownish and dried at 14 dpi. Infection with the two non-host Xcv strains did not result in any visible symptoms on the leaves. Bacterial colonies from a serial dilution assay were counted and bacterial numbers per cm 2 were compared during hostand non-host disease resistance. Differential bacterial growth was demonstrated in the kimchi cabbage leaves (Fig. 4B) . Xcc 8004 first started to proliferate at 2 dpi, and much increased in colony number by 4 dpi. At 7−10 dpi, the bacterial population reached a plateau, and then drastically decreased by 14 dpi. Bacterial proliferation of Xcv 85-10 did not occur until 10 dpi, and a small increase in bacterial number was found at 14 dpi. Increase of Xcv Bv5-4a.1 bacterial growth was much faster than for Xcv 85-10, and began to slightly increase at 4 dpi. However, bacterial growth of Xcv Bv5-4a.1 was arrested until 7−14 dpi. This indicated that growths of the non-host bacterial pathovars were severely arrested in the kimchi cabbage leaf tissues.
We investigated the expressions of several pathogenesisrelated (PR) genes encoding glutathione-S-transferase (GST1), pathogenesis-related protein 1 (PR1), basic glucanase (BGL2), vegetative storage protein 2 (VSP2), pathogenesis-related protein 4 (PR4) and lipoxygenase 2 (LOX2) during the host and non-host interactions with different X. campestris pathovars to investigate association of PR gene inductions with host and non-host disease resistance in kimchi cabbage plants. RT-PCR analyses demonstrated that these defense-related genes were differentially regulated in kimchi cabbage leaves infected with Xcc and Xcv (BGL2), vegetative storage protein 2 (VSP2), pathogenesis-related protein 4 (PR4) and lipoxygenase 2 (LOX2) genes in kimchi cabbage leaves inoculated with different X. campestris pathovars. Actin was used as an amplification control. Mock, sterile water-infiltrated; Xcc 8004, X. campestris pv. campestris; Xcv 85-10, X. campestris pv. vesicatoria strain 85-10; Xcv Bv5-4a.1, X. campestris pv. vesicatoria strain Bv5-4a.1. The number of PCR cycles of each result is indicated in the parenthesis. strains (Fig. 5 ). GST catalyzes nucleophilic attack of the tripeptide glutathione on lipophilic compounds with electrophilic centers, to detoxify primarily endogenous and xenobiotic compounds (Edwards et al., 2000) . GST1 expression was induced in Arabidopsis leaves inoculated by non-host fungus Blumeria graminis f.sp. tritici. However, it was attenuated in defense-deficient mutants eds1 and pad4 (Yun et al., 2003) . Up-regulation of kimchi cabbage GST1 gene was triggered by non-host bacteria Xcv 85-10 was very high. GST1 inductions with Xcv Bv5-4a.1 and the host bacteria Xcc strain were modest. GST may be efficiently contributed to detoxification of metabolites produced in kimchi cabbage leaves by Xcv 85-10 inoculation, whereas it is not closely related to Xcv Bv5-4a.1-mediated cell death and disease resistance. PR1 protein has been considered as a molecular marker for disease resistance in many plants despite unknown function (van Loon and van Strien, 1999) . PR1-like gene BrPR1 in kimchi cabbage was induced by salicylic acid (SA), not by jasmonic acid (JA) and ethylene, implying role in plant defense against biotrophic pathogen infections (Abe et al., 2011) . BrPR1 expression during host and non-host resistance to X. campestris pathovars was not different in leaves inoculated by host and non-host strains. β-1,3-Glucanase hydrolyzes β-1,3-glucan, a major component of bacterial and fungal cell walls, by cleavage of 1,3-β-D-glucosidic linkages, and is considered as one of the major classes of plant PR proteins (van Loon et al., 2006) . Oligosaccharides derived plant cell wall β-1,3-glucan by bacterial exoenzymes can mediate defense cascades as endogenous elicitors and act to coordinate disease resistance to combat challenging pathogens (Palva et al., 1993) . Inducible expression of a β-1,3-glucanase gene in turnip leaves infected with Xcc 8004 was mediated by an extracellular endoglucanase originating from the bacterial strain (Newman et al., 1994) . Expression of the BGL2 gene encoding a putative basic glucanase was analyzed in the leaf tissues of kimchi cabbage plant challenged by the bacteria. The BGL2 mRNA accumulated with Xcc 8004, Xcv 85-10 and Xcv Bv5-4a.1 inoculations at 24 hpi, but BGL2 mRNA accumulation was significantly increased by Xcv 85-10 at 48 dpi. In the leaves of the Arabidopsis ecotype Col-0, glucanase was only transiently up-regulated by an avirulent strain Xcc 147, but not by the virulent strain Xcc 8004 at 48 dpi (Lummerzheim et al., 1993) . Glucanase enzyme activity was increased in turnip leaves by host bacteria Xcc 8004 infection. However, much higher activation of the enzyme was detected in leaves infected with the non-host bacteria X. campestris pv. vitians, the causal agent of bacterial leaf spot of lettuce (Conrads-Strauch et al., 1990) . Transient induction of in the kimchi cabbage leaves by Xcc 8004 at 24 hpi. Xcv 85-10-induced BGL2 expression at 24 hpi increased at 48 hpi. Recently, Abe et al. (2011) demonstrated that BrBGL2 was inducible by SA but minute increase of BrBGL2 transcripts was observed by JA and ethylene. It is well known that one signaling pathway synergistically and negatively interacts with others in plant defenses (Dong, 1998; Luo et al., 2011) . Usually SA-dependent defense pathway was antagonistic to JA/ethylene-dependent pathways. We investigated expression of three defense-related genes, VSP2, PR4 and LOX2, which are induced by JA and/or ethylene. VSP2 and PR4 are inducible in kimchi cabbage leaves by JA and ethylene, respectively, and LOX2 expression is increased by both elicitors (Abe et al., 2011; Park et al., 2005) . VSP play a role as proteinaceous storage reserves buffering availability of nitrogen and other nutrients. VSP2 gene increased in Arabidopsis inoculated by fungal necrotroph Alternaria brassicicola, but the biotrophic oomycete Hyaloperonospora parasitica infections did not lead to VSP2 expression indicating its expression was differentially regulated by pathogens with different life styles (Koornneef et al., 2008) . VSP2 was also preferentially induced by avirulent bacteria P. syringae pv. tomato (Truman et al., 2007) . The two nonhost X. campestris strains specifically reduced the VSP2 gene expressions in kimchi cabbage leaves compared to that in the mock-inoculated leaves, which is might be mediated by antagonistic suppression of JA signaling by enhanced SA signaling. PR4 proteins include structurally chitinase-like families associated with plant disease resistance showing direct antifungal activities or RNase/DNase activities (Guevara-Morato et al., 2010; Li et al., 2010) . The PR4 gene or PR4 gene families were also involved in biotic and abiotic stress responses in many plant species including rice (Wang et al., 2011) and wheat (Bertini et al., 2011) . Non-host necrotrophic fungus Plectosphaerella cucumerina inoculation led to increasing accumulation of PR4 transcripts in Arabidopsis (Sanchez-Vallet et al., 2010) . The PR4 gene significantly was induced by non-host Pst infection and ethylene in kimchi cabbage leaf tissues (Park et al., 2005) . However its comparative expression during basal disease resistance against virulent host bacterial infection was not demonstrated in the previous study. During the host and non-host disease resistance in the kimchi cabbage leaves, PR4 gene increased earlier and stronger during infection with the two non-host X. campestris pathovars. Xcv 85-10 induced much higher level of PR4 transcript than Xcv Bv5-4a.1 did. Lipoxygenase catalyzes polyunsaturated fatty acids into hydroperoxides followed by oxylipins to mediate plant defense. Lipoxygenase activity drastically increased in the cotton and pepper leaves during incompatible interactions with X. campestris pv. malvacearum and X. campestris pv. vesicatoria, respectively (Hwang and Hwang, 2010; Jalloul et al., 2002) . Lipid peroxidation during these interactions was intimately correlated with increased lipoxygenase activity in the plant tissues underwent hypersensitive cell death. Chinese cabbage LOX2 gene expression was found to be specifically repressed in the leaves compared to that in the mockinoculated leaves. It is similar to the VSP2 gene expression in the leaves inoculated by the non-host strains, indicating JA signaling is down-regulated during Xcv-mediated nonhost resistance. Preferential expression of GST1, BGL2 and PR4 genes to Xcv strains suggested that these genes function coordinately during establishment of non-host disease resistance of kimchi cabbage through activation of SA-and ethylene-dependent signaling pathways, which are antagonistic to JA-dependent pathways. Defense signaling cross-talk during the host and non-host resistance of kimchi cabbage plants remains elucidated.
Interestingly, higher PR gene activations and severely arrested bacterial growth were found in leaf tissues inoculated with Xcv 85-10 compared to those by Xcv Bv5-4a.1, although Xcv Bv5-4a.1 triggered much more rapid HR showing accelerated ion leakages, lipid peroxidation and accumulation of phenolic compounds. These findings suggest that non-host disease resistances of kimchi cabbage against X. campestris pathovars are partially uncoupled with cell death reprogramming. Recently, novel genes involved in non-host disease resistance were isolated from tobacco plants infected by X. axonopodis pv. citri, causing citrus canker, via transcriptome analysis (Daurelio et al., 2011) . Lack of incompatible interaction of kimchi cabbage with an avirulent strain of X. campestris pv. campestris have impeded the understanding of the basis of disease resistance mechanisms so far. Further transcriptional profiling in the kimchi cabbage plants infected by host Xcc 8004 and non-host Xcv 85-10 and Bv5-4a.1 will provide molecular clues for active defense machinery.
In conclusion, kimchi cabbage plants have basal and nonhost disease resistance to X. campestris pv. campestris and to X. campestris pv. vesicatoria, respectively. Non-host resistance to infections with different X. campestris pathovars resulted in PCD, accompanied with rapid cellular and molecular responses. Molecular and cellular details on the non-host disease resistance to different X. campestris pathovars remain elusive. The plant-pathogen interactions introduced in the current study will provide more insights on disease resistance mechanism of kimchi cabbage plants.
